In multiple tidal-inlet systems such as the Dutch Wadden Sea, the exchange of sediments between the coastal lagoon and the adjacent sea is controlled by the combined effect of the tides, wind-driven flows, and densitydriven flows. We investigate the variability of residual (tidally averaged) fluxes of suspended sediment with the three-dimensional numerical model GETM in relation to forcing mechanisms and model parameters. strongly throughout the year, mainly due to wind variability. The net balance between import and export of material is very sensitive to model parameters. Residual fluxes are sensitive to the geographical orientation and location of the inlets, and the effect of driving mechanisms on the residual fluxes and concentrations can be organized hierarchically, with wind forcing having the largest effect on concentration levels and variability.
Introduction
The Dutch Wadden Sea (DWS) comprises a barrier island system and a coastal lagoon and is connected to the North Sea by a series of tidal inlets. Channel networks arising from the inlets feed a large system of interconnected intertidal areas hosting natural resources and a large biodiversity. At present, it is still unclear what the role is of each of the tidal inlets and their relative contribution to the transport of sediment into (or out of) the DWS. The exchange of sediment is determined by the combined effect of the tides, the wind and possibly the freshwater discharge, as well as the availability of sediment from external sources and the presence of sinks. Understanding present-day sediment fluxes, both for sand and silt/mud, into the DWS in relation to these forcing mechanisms is a pre-requisite in any study involving the scalability of model results to climate change scenarios, such as (enhanced) sea-level rise (e.g., Wang et al. 2012) .
In multiple-inlet systems like the DWS, large amounts of sediment are exchanged with the adjacent sea during ebb and flood. For any particular inlet, the amount entering with flood is generally unequal to the amount leaving with ebb, giving a residual flux of suspended sediment over a tidal period. The residual flux is very small compared to the gross flux and is highly variable in space and in time (e.g., Gerkema et al. 2014) . Because of this intrinsic variability, residual fluxes can only be assessed by long-term measurements and/or simulations. Tides are a well-studied hydrodynamic mechanism causing residual flow patterns in multiple-inlet systems (e.g., Salles et al. 2005; Pacheco et al. 2010) ; however, wind variability can induce strong circulation patterns that can overwhelm the residual patterns induced by the tides (Li 2013) . At a given inlet of a multipleinlet system, the residual flow may vary in response to the flows at all other inlets, complicating significantly any long-term observational effort. Coupled hydrodynamic and sediment transport numerical models provide with synoptic fields of flow and sediment variables both in space and in time (e.g., Esparza et al. 2014) , however, these models require thorough calibration and/or validation that is typically conducted with in situ observations.
In this study, we focus on the transport of suspended sediment (silt/mud), which constitutes at least about one fifth of the total Holocene deposits in the Wadden Sea (Beets and van der Spek 2000) . In the Wadden Sea, the mud fraction generally dominates the suspended sediment fluxes , notably higher up in the water column. A key difference between mud and sand transport is that mud transport typically takes place well below the transport capacity of the flow (van Rijn 2007) . Mud transport fluxes are often governed by supply, i.e., sedimentation and erosion sinks and sources that may be decoupled in space and time from the local hydrodynamics, whereas sand transport fluxes are typically governed by the local transport capacity of the flow.
The residual transport of suspended sediment in the Marsdiep inlet so far has only been assessed on the basis of indirect observations (Elias et al. 2006; Nauw et al. 2014) . Employing ferry-borne acoustic Doppler current profiler (ADCP) observations, Nauw et al. (2014) obtained estimates for the gross and residual fluxes of suspended sediment across the Marsdiep inlet for the period [2003] [2004] [2005] [2006] . Their results indicate a relatively constant long-term mean (yearly average) of about 300 kg s −1 , which is equivalent to an import of about 10 Mt per year. Wind can also induce a transport of suspended sediment by two means: (1) wind-stress at the surface induces a departure to the current velocity profiles that creates an additional transport capacity not accounted for by the tidal flow (e.g., Ruessink et al. 2006) , (2) wind-induced waves at the surface generate additional stresses near the bottom that affect sediment pickup and deposition (e.g., Talke and Stacey 2008) . Generally speaking, we expect the former to be an important mechanism in the inlets and deep channels, whereas the latter to be more effective in shallow areas and intertidal flats.
For instance, the dominant wind direction in the DWS is from the southwest, so a strong correlation between wind intensity and residual flows has already been found .
Here, we investigate the variability of the residual fluxes of suspended sediment in the DWS with a three-dimensional numerical model in relation to forcing mechanisms and model parameters. We look into the temporal variation of the residuals over a year, assess the sensitivity of the fluxes to model's parameters, and compare model results with existing observations of near-surface concentrations. In this study, we do not include calibration of model parameters with in situ observations because the set of observations is not sufficient for capturing short-term and long-term temporal variabilities that are essential for model calibration. The rest of this paper is organized as follows: in Section 2, we describe the study site, the observations, and the numerical model. Section 3 discusses the uncertainty in residual fluxes due to model parameters. Section 4 presents the validation of the numerical model with the observations. A factor separation analysis is presented in Section 5 to investigate the driving mechanisms of the sediment fluxes. In Sections 6 and 7, we provide respectively a discussion and the conclusions.
Materials and methods

Study site
The DWS is connected to the North Sea by a series of tidal inlets. In this study, we consider three of these inlets: the Marsdiep inlet, the Eierlandse inlet, and the Vlie inlet, and we add a transect at the watershed (Fig. 1) . The Ems estuary, which is located beyond the eastern boundary, is left out of the model domain and we do not include boundary forcing for the Ems, since we are mostly interested in the western part of the domain (Marsdiep/Vlie basins). The Marsdiep inlet is the best surveyed inlet of the DWS (e.g., Buijsman and Ridderinkhof, 2007) , and separates the island of Texel from mainland North-Holland; it presumably constitutes one of the major passages for the exchange of suspended sediments, which we will examine in this paper. The Vlie inlet can be regarded as the second in importance. Observational evidence suggests that both gross and residual fluxes of sediment in the Marsdiep are much larger than in the Vlie Gerkema et al. 2014) . Although the Eierlandse inlet is known to be morphodynamically active (Elias et al. 2012) , it is believed to be the least important in terms of exchange flows, mainly because of its small size and small tidal prism when compared to the other two inlets.
Tides are one of the major drivers of sediment transport at the main inlets of the DWS, with typical maximum gross fluxes of up to 5 t s −1 ). Based on longterm observations of suspended sediment on board a ferry across the Marsdiep inlet, Nauw et al. (2014) also showed that semidiurnal tides could contribute significantly to the net sediment flux. The interaction of the semidiurnal and quarterdiurnal tides is known to be one of the main drivers of the residual sediment transport in the Wadden Sea . Seasonal variability in residual sediment transport is about 10-50 % over the course of the year and these variations can be related to the seasonal variability of the amplitudes of M 2 and M 4 tidal constituents due to the seasonal stratification cycle of the North Sea. The freshwater outflow from the lake IJssel finds its way through the Marsdiep and Vlie inlets (Duran-Matute et al. 2014) , with typical mean annual freshwater discharge into the domain of about 500 m 3 s −1 .
Numerical model
Hydrodynamics setup
The hydrodynamic module has been extensively described in Duran-Matute et al. (2014) . Here, we discuss the most important characteristics. The finite difference scheme in the numerical model GETM solves the three-dimensional hydrostatic equations of motion with the Boussinesq approximation and the eddy viscosity assumption (e.g., Stanev et al. 2003) . The model also solves for the equations of potential temperature and salinity and includes a flooding and drying algorithm. The resolution of the model employed in previous studies was 200 m for the horizontal coordinates and 30 sigma-layers in the vertical (Duran-Matute et al. 2014; Sassi et al. subm.) . In this study, we lowered the resolution to 500 m and 10 sigma-layers, to render possible extensive sensitivity tests. The model is forced at open boundaries in the North Sea with sea surface elevation (tides and wind set-up), depth-mean current, and vertical profiles of salinity and temperature, all these obtained from a lower resolution operational model of the North Sea. Meteorological forcing includes wind speed and direction, air temperature, precipitation, cloudiness, and dew point, at a temporal resolution of 3 h. Also, freshwater discharge from 12 sluices into the domain is included, with a temporal resolution of 10 min. The hydrodynamics module is coupled to the General Ocean Turbulence Model (GOTM) that solves turbulence quantities using the κ-turbulence closure (Burchard and Baumert 1995) . At the bottom layer, velocity is parameterized with the logarithmic profile using a constant roughness length of 1.7 mm. The bathymetry of the domain was constructed using high-resolution depth-soundings spanning the years 1996 to 2012, made available by the Ministry of Public Works (Rijkswaterstaat). The bathymetry was further smoothed to avoid numerical instabilities. The time step of the simulations amounts to 1 min but variables are stored at half-hour resolution. Simulations start from rest in November 2008, 2 months are used for spin up the baroclinic module and the entire year of 2009 is simulated.
Model results showed to compare very well with observations, such as time-series of surface elevations from several tidal-gauges, time-series of salinity and temperature at a single location, and ferry-borne ADCP measurements of the volumetric transport through the Marsdiep inlet (see Duran-Matute et al. (2014) for details). Furthermore, a full validation of the simulated 3D velocity profiles has been carried out by Sassi et al. (subm.) for two observational datasets. For observations at a fixed station spanning, the entire water column and approximately 16 days, model results showed minor discrepancies with observed profiles, both in magnitude and in shape. Discrepancies in simulated depth-mean currents amounted to about 0.1 m s −1 , for a velocity amplitude of about 1.5 m s −1 . For the observations on board the ferry, a maximum typical error of about 0.15 m s −1 was found in local flow velocity time-series. Mean differences between modeled and observed transport fall well-within 10 % of the gross and residual volumetric fluxes, respectively.
Setup sediment module
Suspended sediment transport is simulated with the Framework for Aquatic Biological Modeling (FABM), which is coupled to GETM. The sediment transport module includes a parameterization for erosion and deposition fluxes from the bed sediment layer. A modified zero-order PartheniadesKrone resuspension model is employed to describe the erosion and deposition fluxes:
if τ > τ c , and otherwise zero (1)
where M 0 is the erosion coefficient (kg m 2 s −1 ), τ is the shear stress at the bed (Pa), τ c is the critical shear stress for erosion (Pa), w s is the settling velocity of the sediments (m s −1 ), and C is the sediment concentration near the bed (kg m −3 ). For the deposition flux, we have chosen a very high critical stress for deposition, such that we allow for continuous deposition (see Winterwerp and van Kesteren 2004) . The exponent in the erosion flux is set to 1.5 instead of unity to reflect a van Rijn's type of erosion formulation (van Kessel and Vanlede 2011a; van Kessel et al. 2011b; van Maren et al. 2015) , which better describes silt/mud erosion in the presence of sand, the typical conditions found in DWS. The shear stress at the bed is the sum of the stress from currents and wind-waves; the latter is computed using a parameterization for wave-induced shear stress proposed by Young and Verhagen (1996) , which assumes that the local wind generates the additional stress at the bottom and disregards the extent of the generation area. Three sediment classes are simulated independently and defined by their fixed settling velocity: 0.125, 1, and 2 (all in mm s −1 ). The critical shear stress for erosion τ c and the erosion coefficient M 0 are assumed to be constant throughout the domain and in time and defined for each sediment class.
The model is forced at open boundaries with depth-mean concentration profiles for each sediment class obtained from the low resolution model of the North Sea. The initial sediment concentration in the water column throughout the model domain is set to 5 mg l −1 for all sediment classes, which is about the same magnitude (although slightly higher) than the concentration at the open boundaries. Sediment concentration at the sluices is ignored (i.e., kept constant at a value of 0.1 mg l −1 ). Initial sensitivity tests showed that it takes approximately 6 months to match the simulated concentrations at all inlets if the model is initialized with 0 or 10 mg l −1 in the water column and no sediment in the resuspension layer. For a given initial bed sediment thickness, these differences in initial concentration do not play a role; however, reaching equilibrium may take up longer. Here, we choose to initialize the sediment bed with 1 mm of sediment for each sediment class and spin up the sediment module for half a year. We do this by obtaining the sediment concentration in the bed and the water column at the end of the simulation of December 2008 (1 January 2009), and re-initializing the model with these conditions on 1 December 2008. The procedure is repeated six times and is adopted to obtain realistic input sediment concentrations from the bed. The computed bed composition is the result of an optimization procedure; therefore, initializing the model with the bed composition derived from bed samples only is not appropriate, as the optimization compensates for other sources of error in the model. We initialize the bed with December 2008 instead of using the full year of 2008 due to limited data availability.
The computed bed composition at equilibrium, for model parameters as described in Section 4, and the observations of the median grain sediment size are shown in Fig. 2 . The simulated bed composition is obtained as follows: for each grid point, we obtain the relative contribution of each fraction to the total deposition height by normalizing the bed Color scale denotes the settling velocity in millimeter s −1 of the class that corresponds with the median of the cumulative distribution of the normalized bed sediment thickness. White areas denote bed depletion thickness of each sediment class with the sum of the thickness of the three classes, we then compute the cumulative distribution function and obtain by linear interpolation the class corresponding with the median of the distribution. It should be noted that this procedure is adopted because there is no one to one match between settling velocity and grain size (one could argue that a high settling velocity corresponds to sand, but can also correspond to relatively stable flocculated material). In the right panel of Fig. 2 we thus show the dominant size class at each grid point. Given the few size classes, the approach may be prone to error in a quantitative sense, however, we expect it to give a qualitative indication of the class contributing the most to the computed bed layer thickness. A similar approach is adopted with the observations, though the size class resolution is much higher. In general, the agreement between model and observations is best for the finer fractions as the areas with predominantly fine material in bed samples match in location and extension with the areas corresponding with low settling velocity. For the coarsest fraction, the model partly agrees with the observations for locations within certain deep channels and in the North Sea, near the islands of Texel and Vlieland (to the west). Discrepancies at these locations may be due to the underestimation of the North Sea wave forcing combined with relatively high sediment concentration at the boundary.
Model parameter sensitivity
The sediment transport formulation (2) has two free parameters, i.e. the critical shear stress for erosion τ c and the erosion coefficient M 0 , which allows us to investigate the sensitivity of the model results to these parameters. The sensitivity analysis is done here with a brute force approach. We assume the unknown parameters may take on the following values for each sediment class: τ c = 0.05, 0.25, or 0.5 Pa, and M 0 = 0.05, 0.25, or 0.5 (10 −4 kg m −2 s −1 ). These ranges have been selected based on previous studies (van Kessel and Vanlede 2011a) . Since the simulated classes do not interact, a total of 3 3 = 27 configurations have to be simulated. They were defined by setting the appropriate value to the settling velocity, τ c and M 0 . The sediment fluxes can then be obtained by summing the fluxes of the three classes, each of which can take on any of 3×3 = 9 possible combinations of parameters. Hence, the total amount of model realizations is given by all possible permutations with repetitions, i.e., 9 3 = 729.
Residual fluxes
For each realization, the total sediment concentration at a given point in space and time is given by the sum of the concentrations of the three sediment classes. To calculate the fluxes through the inlets, we multiply the total concentration profiles by the water velocity and integrate the resulting product over depth and over width; also, we calculate the mean concentration by averaging the concentration of the combined classes over depth and width of the inlet. The resulting time series correspond with the sectionally integrated sediment flux and sectionally averaged concentration. Residuals were then obtained by integrating the former over predefined integration periods that form a full semidiurnal tidal cycle. Here, we use the 'volume-method' put forward by Duran-Matute et al. (2014) , which means that we define a tidal cycle as the interval between the moments at rising water when the volume of the basin equals its long-term mean. Note that the length of these intervals varies from one period to the other (Duran-Matute and Gerkema subm.). A total of 690 residual values constitute the year of 2009. Hereinafter, we refer to these quantities as the residual flux and the mean concentration. model realizations, shows that uncertainty in concentration due to model parameters is a strong function of concentration level. Residual fluxes are highly intermittent with peaks that by far exceed the median value for the entire year. The natural intermittency in residual fluxes, which is mainly caused by wind variability, makes it difficult to distinguish the uncertainty due to model parameters within the error bars due to natural variability.
We integrate the residual flux over time for each model realization to obtain the long-term residual, i.e., over 1 year. It is important to remark here that the long-term residual must be determined over a finite number of tidal cycles, since otherwise the gross flux over the remaining fractional tidal cycle would introduce a contamination of the residual signal, rendering it highly inaccurate. Figure 4 shows the long-term residual through Marsdiep inlet for each sediment class, for nine parameter settings. Positive values indicate the flux of sediment is into the DWS. The finest class tends to be more exporting whereas the larger classes more importing. The largest class typically imports less than the intermediate class as on average it is less suspended. It is evident that the magnitude and even the sign of the total residual flux of sediment depend on the model parameter choice. In general, on the basis of observations (e.g., Nauw et al. 2014), we expect this inlet to import sediment from the North Sea, so for some combination of parameters the long-term residuals seem unrealistic. 
Long-term budget
The long-term residual is then obtained for each tidal inlet and the watershed, using all model realizations, i.e., summing the flux from any three possible combinations in Fig. 4 . Boxplots of the long-term residual for all the transects are shown in Fig. 5 . Based on the interquartile range and the median value, we can conclude that for the parameters considered the model indicates higher probability of import of sediment through the Marsdiep inlet and export via the Eierlandse inlet and the watershed; the Vlie inlet seems to show both import and export with a median value very close to zero. The long-term residual over the watershed is highly sensitive to model parameters. This is to be expected as the watershed transect cuts through a very shallow area, where sediment erosion and deposition become highly sensitive to model parameters. The model is not optimal for shallow areas as wind-induced processes are parameterized.
We emphasize that the model output is based on a simple parameterization for the erosion and deposition fluxes, and hence cannot be interpreted as 'reality'; especially the net export seems implausible. Here, we do the calculations only for the purpose of assessing the characteristics of each inlet and the watershed. Also, we noticed that the model does not seem to be entirely conservative for some sediment classes, which presumably has to do with integration time steps in the numerical code itself. This needs to be looked into. The long-term sediment budget is calculated as follows. For each month of the simulated year, we obtain the net flux of suspended sediment by summing up the monthly residual over the inlets and the watershed. For exactly the same period, we compute the bed level change for each grid point in the domain enclosed by the four transects and integrate the changes over the enclosed area, which after multiplying by a constant sediment density and porosity yields the amount of sediment eroded or deposited. The net flux of sediment is in balance with the net change of sediment in the bed (i.e., the difference between deposition and erosion), and discrepancies between these two quantities are compensated by the amount of sediment suspended in the water column, which is typically very small (less than 10 %) when compared to the other quantities. Therefore, the difference between the net flux and net bed change typically indicates an import of sediment to the domain. Figure 6 shows the difference between net flux and net bed change for each sediment class and parameter combi- 
Model validation
Based on the sensitivity analysis presented in the previous section we select a single model realization to further validate the numerical model with the observations. The following parameters are used: M 0 = 0.5 × 10 −4 kg m −2 s −1 , τ c = 0.5 Pa; these values correspond with those employed in previous studies in the Scheldt estuary (van Kessel and Vanlede 2011a).
The observations of suspended sediment concentration were obtained under the MWTL program (which stands for Monitoring Waterstaatkundige Toestand des Lands) and is collected by the Ministry of Public Works. At several locations in the DWS (Fig. 7) , sediment samples are routinely retrieved (approximately once every month) from the near water surface and analyzed for dry-mass content in a laboratory. At several locations records may span more than ten years of observations. However, only few locations (in total ten) have information from samples during the simulated year. These data are publicly available via the website live.waterbase.nl. Figure 8 shows time series of modeled near-surface sediment concentrations at model grid points corresponding with the numbered locations in Fig. 7 , along with the observations. In general, there is a good agreement: the model values fall in the right range. We only observe large discrepancies at few specific locations. At station 5, we expect strong discrepancies since near this location in the model domain we have set a solid wall, and the modeled hydrodynamic conditions may be different from reality. At station 7, we hypothesize that discrepancies between model and observations are due to the fact that this location is nearby a large tidal marsh area, and the spatial resolution of the model may not be able to capture concentration levels as well as their variability. We now select modeled concentrations (or interpolate linearly between them) to match the times of the observed ones; this allows us to make a one-to-one comparison. Table 1 shows the Mean Bias (MB), the Root-MeanSquared-Deviation (RMSE) and the Pearson's r, along with the mean of the samples from model and observations, for each of the stations. In general, the model underestimates All quantities in mg 1 −1 , except the Pearson's r that has no units the observations, as the MB is mainly negative. Correlation coefficients for most stations are rather low, with three stations (Stn. 1, 4, and 9) scoring higher than 0.5. This can be expected as these stations are located in deep areas, where model performance is generally better. In contrast, correlation coefficients turn to negative values at the very shallow stations 5, 6, and 7. Despite these discrepancies, it is important to remark that concentrations from model and observations correspond to very different spatial and temporal resolutions, so we can safely conclude that for the year 2009 model generally agrees well with data. Other reasons for discrepancy may include sediment availability on the flats as for the relatively high τ c = 0.5 resuspension may be underestimated.
Observations during modeled period
Observations outside modeled period
To make use of the rest of the observations that do not span the year 2009, we split the records for each location per month, lump all data from different years onto each month, and compute the median per month. We do the same for the modeled time series during the year 2009. The comparison between the medians from the observations and the simulations is shown in Fig. 9 . The figure also shows the depth of the location at which the water sample was obtained; concentration levels are in general higher for shallow locations. Since the observations span all over the model domain, the comparison yields a good indication of the spatial coverage of the model. Table 2 shows a summary of the statistics for the comparison, along with the slope and offset of a linear regression between concentrations from model as dependent variable and observations as explanatory variable. The overall mean of the medians (Table 2) shows a seasonal cycle with lower values during summer time. For some months (January, February, and June), the scatter is rather large, with RMSE values greater than 100 mg l −1 . This notwithstanding, the mean bias is comparable with the other months that show lower RMSE. The low correlation coefficients are then expected as the RMSE is typically of the same order of magnitude as the mean. Although the choice of splitting the data into calendar months is rather arbitrary, the model seems to improve during summer time. We hypothesize the latter may be related to the low storm activity during the summer period, which results in more uniform conditions throughout the spatial domain. The comparisons provided show that in general the model results fall in the right range. Further validation should include gross fluxes of suspended sediment in the Marsdiep inlet, which can be obtained from ferry-borne ADCP measurements (e.g., Nauw et al. 2014) , and shortterm variability of concentration levels from high-frequency turbidity meters. Unfortunately, these data are not yet available for the year 2009.
Driving mechanisms
Wind forcing
Time series of the residual flux of suspended sediment were shown to be highly intermittent (see Fig. 3 ), which can be ascribed largely to the wind variability. Figure 10 shows that the residual flux of suspended sediment is indeed a strong Also shown the slope and the offset of a linear regression between simulated concentration levels as dependent variable and observations as explanatory variable. All quantities in mg 1 −1 , except the Pearson's r and the slope that have no units function of wind direction and intensity. In the year 2009, strongest winds typically occurred from the west and the southwest direction. Notably, these strong winds forced the largest residual fluxes in each of the transects under consideration. The residual fluxes seem to be somewhat sensitive to the geographical orientation of the inlet. In general, we note the following: westerly winds induce an import of suspended sediment in the Marsdiep, Eierlandse, and Vlie inlets, and an export through the watershed, southwesterly winds further enhance the import through the Marsdiep and Eierlandse inlets and the export through the watershed, but also induce a strong export of sediment via the Vlie inlet. Easterly winds generally result in the opposite effect, albeit less noticeable in the magnitude of the residual flux. The effect of wind on the residual flux through the inlets can be associated with an enhanced capacity of the flow, as the effect of wind on sediment concentrations is not as important in the inlets as it is across the watershed. Probably, the latter is mainly due to the increase in bed shear stresses due to wind-induced surface waves.
Factor separation analysis
To isolate the role of wind, freshwater discharge, and tides on the residual fluxes of suspended sediment, we conduct a factor separation analysis (e.g., Sassi et al. 2011) . The starting point is the run with all forcing mechanisms, as shown previously, and will be denoted with TRW. Additional model runs are as follows: (1) we shut down the wind forcing and the freshwater discharge (T), (2) we do the same for wind only (TR), and (3) we do the same for freshwater discharge only (TW). Boundary conditions remain the same in all cases. We obtain four model runs to isolate three factors, having assumed the factors do not interact with each other. In reality, this may not be true at small temporal and spatial scales, but we expect it may hold for the long-term and the regional scales.
For each model run, we obtain time-series over the year 2009 of the residual fluxes of suspended sediment and corresponding mean concentration at each of the transects under consideration. We then compute the median and the interquartile range, as measures of the magnitude and variability of these quantities. A summary of the results is presented in Fig. 11 . The effect of driving mechanisms on the residual fluxes and concentrations can be organized hierarchically: wind forcing has the greatest effect on the fluxes and the concentrations because simulations without wind forcing typically result in very small interquartile ranges and a two-fold decrease in the median, freshwater discharge also shows a noticeable effect on the fluxes and the concentrations because for simulations without freshwater input these quantities generally increase.
These results are in agreement with our expectations that wind induces highly intermittent fluxes and therefore increases the variability in the fluxes and concentration. For freshwater discharge, it is important to remark that in our model it contains no sediment, so freshwater discharge may tend to lower the concentration levels in the domain. However, freshwater enhances estuarine circulation (Burchard et al. 2008) , so effectively more sediment may be imported. Because of stratification, the near-surface concentration levels may become lower, but the near-bed concentration levels higher. These are aspects that will require further attention in future investigations.
Discussion
The well-known Partheniades-Krone formulation for erosion and deposition fluxes has been employed in our simulations. The limitation of this formulation is that a bed layer of a given thickness can be easily depleted after a number of simulation steps because the erosion flux is independent of the state of the bed (van Kessel and Vanlede 2011a). To achieve realistic conditions, one could set the model parameters such that the sediment fractions are redistributed in the bed, but no bed level change occurs. By monitoring the distribution of the sediment fractions in the entire domain with time, one could find a stable sediment composition satisfying all fractions. The latter sediment composition could be used for sensitivity tests. Here, we have chosen to spin up the model long enough to redistribute the initial sediment in the bed sediment layer but not too long for the bed to become depleted. We showed that this approach leads to reasonably realistic conditions in both sediment composition in the bed layer and concentration, hence in the computed residual fluxes at the tidal inlets. Of course, the required time to achieve realistic conditions will heavily depend on the values adopted for the erosion coefficient and the critical shear stress for erosion of each sediment class. In our case, we have adopted a spin up period of 6 months, which perhaps may be enough for certain combinations of parameters but may be too short or too long for others.
The approach implemented in this study does not include calibration of model parameters with in situ observations. This has been deliberatively adopted because we believe the current set of observations is not sufficient for capturing short-term and long-term temporal variabilities that are essential for model calibration. Such observations are available for previous years only in one of the best surveyed inlets of the Wadden Sea, the Marsdiep . It is worth noting that for this particular set of observations, uncertainty in the estimates may play an important role in the long-term, yearly average, suspended sediment flux. For instance, the residual transport of water in the Marsdiep has been estimated with models and observations before (Ridderinkhof 1988; Buijsman and Ridderinkhof 2007; Nauw et al. 2014; Duran-Matute et al. 2014) , and large discrepancies between model and observations can be explained partly by the temporal and spatial limitations inherent to the ferry-borne ADCP measurements (Sassi et al. subm.) . Furthermore, given the typical uncertainties in the conversion from acoustical backscatter units to suspended sediment concentration (e.g., Sassi et al. 2012) , one may expect large deviations in long-term estimates.
Our results indicate that sediment fluxes are very sensitive to the formulation of erosion and deposition in the watershed, which is in agreement with results presented by Ridderinkhof (1998) . An approach for constraining model parameters in these shallow areas may involve long-term in situ observations of sediment fluxes by means of point observations (e.g., Talke and Stacey 2008) , to capture variabilities associated with wind in the order of days to weeks. However, the approach may still be cumbersome operationally and because of discrepancies in resolutions from model and observations. Yet, another approach may require the refinement of the physics behind the erosion formulation. For instance, a two-layer approach may include more consolidated material that cannot be easily eroded (e.g., van Kessel et al. 2011a; Gourgue et al. 2013) , which introduces longer temporal scales relevant for the sediment fluxes in the shallow areas. This approach may constitute the next step in future investigations.
Conclusions
This study investigates the variability of the residual fluxes of suspended sediment in the Dutch Wadden Sea with a three-dimensional numerical model in relation to forcing mechanisms and model parameters. Our results indicate that residuals display intermittency due to wind variability, with intermittency mainly related to an increased transport capacity by the currents in deep tidal channels and by bottom shear stress due to wind-waves in the watershed. The longterm mean residual flux is highly sensitive to the parameters in the sediment transport module, particularly in areas of shallows, and variability can be constrained by inspecting the long-term sediment budget. By selecting one model realization featuring a reasonable long-term budget, we show concentration levels simulated with the current model correspond well with sea-surface observations of suspended sediment from several measuring poles. Residual fluxes are sensitive to the geographical orientation and location of the inlet. The effect of driving mechanisms on the residual fluxes and concentrations can be organized hierarchically, with wind forcing having the largest effect on concentration levels and variability. It should in particular be noted that the Marsdiep is the first inlet encountered by the northward 'silt river' along the Dutch coast and is hence a favorable location for import. The Vlie inlet may be insignificant for the net transports, as shown by this and previous studies. Therefore, model results suggest that most of that sediment will not necessarily stay in the Marsdiep basin but can henceforth be transported eastward, even across the watershed.
